Exosomes secreted from Mycobacterium avium-infected macrophages contain numerous antigens of both M. avium and the host cell and are involved in the induction and expression of the inflammatory responses in macrophages. The interaction between exosomes secreted from M. avium-infected macrophages and macrophage phagocytosis, cytokine secretion, immunostimulation, and apoptosis was analyzed. Upon stimulation with exosomes secreted from M. avium-infected macrophages, the phagocytosis of dextran by treated macrophages was increased. Furthermore, the expression of CD40, CD80, CD81, CD86, HLA-DR, and most notably CD195 was enhanced. Additionally, the secretion of IL-6, IL-8, IL-10, IFN-, and TNF-was increased by stimulated macrophages. Exosome stimulation did not induce macrophage apoptosis when compared with macrophages infected with M. avium. Caspase expression, including that of caspases 3, 6, and 8, was also not altered in exosome stimulated macrophages. Thus exosomes trigger the inflammatory response in macrophages owing to the presence of bacterial antigens but have no effect on macrophage viability.
Introduction
Mycobacterium tuberculosis infection is a severe global health problem, and China is among the worst affected countries [1, 2] . The immune response to M. tuberculosis infection requires the activation of alveolar macrophages and the development of a Th1-type CD4 + T cell response, leading to the formation of lung granulomas [3] . Alveolar macrophages, as the main resident immune cells in the lung, are activated to produce cytokines including interferon (IFN-), tumor necrosis factor (TNF-), interleukin 1 (IL-1), IL-10, and IL-12, which regulate the production of nitric oxide and reactive oxygen species to kill or inhibit mycobacteria [4, 5] . Mycobacterium avium shares with M. tuberculosis a slow growth rate and an ability to generate granulomas and is itself pathogenic [6] [7] [8] [9] . M. avium-and M. tuberculosis-containing phagosomes share important features including restricted fusing with endosomal/lysosomal compartments [10] [11] [12] and impaired acidification [13, 14] .
Exosomes are small membranous vesicles generated by inward budding of late endosomes, resulting in the formation of multivesicular bodies in the cell cytosol. Exosomes can be derived from B cells and antigen presenting cells such as macrophages, dendritic cells (DCs), and natural killer cells, which are enriched in proteins of the tetraspanin family including CD63 and CD81 [15] and molecules involved in antigen presentation to sensitized T cells (CD80, CD86, and MHC-II) [16] . Thus exosomes play pivotal roles in both physiological crosstalk between cells and disease pathogenesis.
In general, exosomes act as molecular carriers during immune cell-cell communication [17] . However, recent studies also show that exosomes carrying tumor antigens promoted antigen-specific T cell activation and tumor rejection in vivo [18] . Knowledge of the protein composition of exosomes suggests further functions for these extracellular vesicles, for instance, exosomes released from Mycobacteriuminfected macrophages carry mycobacterial antigens including 2 BioMed Research International lipoprotein and lipoarabinomannan [19] . Additionally, Hsp-70 in exosomes induces a proinflammatory response [20] and exosomes containing glycopeptidolipids of M. avium transfer them from infected to noninfected macrophages, resulting in a toll-like receptor-dependent proinflammatory response [21] .
Exosomes can not only induce inflammatory responses, but could also modulate immune responses, including both immune stimulation and immune suppression [22] . Recent reports have also shown that exosomes containing microbial antigens were able to protect against microorganism infection. Studies by Colino and Snapper indicated that injecting mice with exosomes containing the capsular polysaccharide type 14 cross-reactive antigen of Streptococcus pneumoniae would induce a protective antibody response to resist S. pneumoniae [23] . Similarly, treating mice with exosomes derived from DCs pulsed with toxoplasma antigens was also shown to protect the mice against subsequent toxoplasma infection [24] . At present, there are approximately 29 kinds of M. tuberculosis proteins found in exosomes released from CFP-treated J774 cells, the majority of which were also present in exosomes isolated from M. tuberculosis-infected cells. The exosomes from CFP-treated J774 cells could promote macrophage and DC activation as well as activation of naïve T cells in vivo. This suggests that exosomes containing M. tuberculosis antigens may be alternative approach to developing a novel tuberculosis vaccine [25] .
In this study, we analyzed the inflammatory response and apoptosis induced by exosomes secreted from M. aviuminfected macrophages.
Materials and Methods

Macrophage Culture.
The human acute monocytic leukemia cell line THP-1 (ATCC TIB-202) was purchased from American Type Culture Collection. Cells were cultured in wells or flasks at 37 ∘ C under 5% CO 2 , in RPMI 1640-GlutaMAX (HyClone Laboratories, GE Healthcare Lifesciences, Logan, UT, USA) containing 10% (v/v) fetal bovine serum (HyClone), 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 0.25 g/mL amphotericin B. Differentiation of THP1 cells into macrophage-like cells was induced by stimulation with 0.1 mmol/L phorbol 12-myristate 13-acetate (Sigma-Aldrich, St. Louis, MO, USA) for 24 h. Mycoplasma contamination was detected using PlasmoTest (Invivogen) and mycoplasma-free cells were used in the downstream experiments. 
Mycobacterium avium
Electron Microscopy and Electrophoresis of Isolated Exosomes.
Freshly isolated exosome pellets were resuspended and fixed in phosphate buffer containing 2% glutaraldehyde and then loaded on Formvar/carbon-coated electron microscopy grids. The samples were contrasted in uranyl acetate and viewed with a Hitachi H-600 transmission electron microscopy (TEM) microscope (Hitachi High-Technologies, Tokyo, Japan) at 70,000x magnification. Additionally, (+)exosomes (50 g) or (−)exosomes (50 g) samples were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then compared. 
Flow Cytometry Analysis.
Macrophages cultured in sixwell plates were treated for 24 h with LPS (50 ng/mL), (−)exosomes (50 g/mL) or (+)exosomes (50 g/mL), or M. avium (multiplicity of infection (MOI) of 10), then harvested, and washed twice with PBS containing 0.2% BSA. Cells were then stained with fluorescein isothiocyanate-(FITC-) or phycoerythrin-(PE-) labeled monoclonal antibodies (BD, Franklin Lakes, NJ, USA) to CD25, CD32, CD40, CD80, CD81, CD86, CD163, CD195, and HLA-DR, or the appropriate isotype controls. Macrophages were washed and fixed in 10% (vol/vol) formaldehyde-PBS. Finally, analyses were performed on a Beckman MoFLo XDP flow cytometer. MFIs and the percentages of positively expressing cells were determined after subtraction of the values for the isotype controls.
Cytokine Quantification by ELISA.
Macrophages cultured in six-well plates were treated with LPS (50 ng/mL), (−)exosomes (50 g/mL), (+)exosomes (50 g/mL), or M. avium (MOI of 10) for 24 h. The concentrations of IL-6, IL-8, IL-10, transforming growth factor 1 (TGF-1 ), IFN-, and TNF-in the cell culture supernatants of stimulated cells were analyzed by enzyme-linked immunoabsorbent assay (ELISA), according to the manufacturer's instructions (Boster Biotechnology Company, Wuhan, China). Cytokine concentrations were calculated using standard curves.
Western Blot Analysis.
For western blotting, 50 g proteins from cell lysates, as determined by the Micro BCA Protein Assay (Merck Millipore, Billerica, MA, USA), were loaded on 10% SDS-PAGE gels, electrophoresed, and transferred onto polyvinylidene difluoride membrane (Merck Millipore). The membranes were probed for caspase-3 (R&D Systems, Minneapolis, MN, USA; 1 : 500 dilution), caspase-6 (R&D Systems, 1 : 800 dilution), and caspase-8 (R&D Systems, 1 : 400 dilution). Immunodetected protein bands were quantified with Image J software (NIH, Bethesda, MD, USA).
Apoptosis and Necrosis.
Macrophages cultured in sixwell plates were treated with LPS (50 ng/mL), (−)exosomes (50 g/mL), (+)exosomes (50 g/mL), or M. avium (MOI of 10) for 24 h. Apoptosis was quantitatively determined by flow cytometry using an annexin V-FITC/PI apoptosis detection kit (BD). Briefly, following treatment, cells were harvested by trypsinization, washed with PBS, and incubated with annexin V-FITC and PI at room temperature for 10 min in the dark. The stained cells were analyzed with a FACS Calibur flow cytometer and CellQuest analysis software (BD).
Statistical Analysis.
All data are expressed as the mean ± SEM. Values were analyzed by SPSS version 16.0 software for Windows (IBM Corp., Armonk, NY, USA), and the statistical significance of differences between groups was evaluated by one-way analysis of variance. Values of < 0.05 were defined as statistically significant.
Results
Analysis of Macrophage
Exosomes. TEM observation of phosphotungstic-stained, purified exosomes obtained from macrophages uninfected or infected with M. avium revealed a homogenous population of morphologically typical vesicles of 30 to 100 nm diameter (Figures 1(a) and 1(b) ), similar in appearance and size to those in published reports [27, 28] . Additionally, electrophoresis results showed that exosomes obtained from macrophages uninfected or infected with M. avium were rich in proteins (Figure 1(c) ), although there are obvious differences in components between (+)exosomes or (−)exosomes.
Characterization of Exosomes.
To confirm that exosomes secreted from M. avium-infected macrophages contained proteins from M. avium, exosomes were probed for a subset of M. avium proteins by western blotting. We found that exosomes released from M. avium-infected macrophages, but not from uninfected cells, contained ESAT-6, MPT63, SodA, MPT51, and antigen 85 complex (antigen 85-C) ( Figure 2 ). As expected, both exosome populations contained the host protein lysosomal associated membrane protein-1 (LAMP-1).
Analysis of Phagocytosis.
We also investigated the phagocytic properties of macrophages preincubated with LPS, (−)exosomes, (+)exosomes, and M. avium compared with untreated macrophages. As shown in Figure 3 , compared to medium-treated group, (−)exosomes treated macrophages did not exhibit enhanced phagocytocity, while LPS, (+)exosomes, and M. avium-treated macrophages showed considerable elevation. It is noteworthy that (+)exosomes are significantly stronger stimuli than LPS and M. avium in enhancing macrophage phagocytic activity.
(+)Exosomes Regulate the Expression of Cell Surface Molecules in Macrophages.
Macrophages were treated with various stimuli including LPS (50 ng/mL), (−)exosomes (50 g/mL), (+)exosomes (50 g/mL), and M. avium (MOI of 10) and analyzed by flow cytometry. As evident in Table  1 , M. avium infection increased the expression of CD32, CD40, CD80, CD81, CD86, CD163, and HLA-DR by infected macrophages, while the expression of CD25 and CD195 did not change. Notably, CD40, CD80, CD81, CD86, CD195, and HLA-DR were also significantly upregulated in (+)exosome treated macrophages compared with cells treated with (−)exosomes or medium alone. able to produce a variety of cytokines including IL-6, IL-8, IFN-, and TNF-in order to resist Mycobacterium spread. Macrophages were treated with (−)exosomes, (+)exosomes, and M. avium for 24 h; then IL-6, IL-8, IL-10, TGF-1 , IFN-, and TNF-were detected in the culture supernatant by ELISA (Figure 4) . Notably, IL-6, IL-8, IL-10, TGF-1 , IFN-, and TNF-were all increased significantly in M. aviuminfected macrophage cultures; however, the inflammatory response induced by (+)exosomes was close to that of M. avium infection. Therefore, the above results indicate that the inflammatory response in macrophages can be induced not only by M. avium infection, but also by treatment with exosomes secreted from M. avium-infected macrophages containing antigens of M. avium. 
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Discussion
Exosomes, 30-100 nm in diameter, are secreted vesicles derived from cell endosomal membrane system and have important implications in host biological functions. Exosomes secreted from M. avium-infected macrophages have been reported to contain many mycobacterial components including antigen 85-C, LpdC, PstS1, HspX, Mpt51, and Alanine [25] , and they are proinflammatory [21] . Consistently, our results in the current study also demonstrated that (+)exosomes contained M. avium-derived proteins like ESAT-6, MPT63, SodA, MPT51, and antigen 85-C and these exosomes could induce macrophages to produce a panel of proinflammatory cytokines including IL-6, IL-8, IL-10, IFN-, and TNF-. More importantly, our study for the first time revealed that (+)exosomes could trigger comparable immune responses as M. avium infection in the means of enhancing signaling protein expression on cell surface and proinflammatory cytokine production. However, unlike M. avium infection, (+)exosomes had no apparent effect on cell apoptosis and necrosis. Despite being beyond the scope of the current study, it is warranted to investigate whether such results can be translated to animal models or even clinical trials.
In general, (+)exosomes could induce similar immune responses as M. avium infection; however, slight difference was observed. For instance, M. avium infection could enhance the expression of CD32 and CD163, but not CD195 on cell surface, while (+)exosomes enhanced CD195 expression but not the other two CD molecules. In addition, M. avium but not (+)exosomes induced TGF-1 level. CD32 negatively regulates IgG production by B cells [29] ; CD163 is associated with a large range of inflammatory diseases including liver cirrhosis, type 2 diabetes, macrophage activation syndrome, Gaucher's disease, sepsis, HIV infection, rheumatoid arthritis, and Hodgkin lymphoma [30, 31] , while CD195 functions as a chemokine receptor and is involved in recruitment of immunocytes, especially T cells, to site of infection [32] . Given the functions of these three CD molecules, M. avium infection induced CD32 upregulation might be associated with one of the mechanisms in which M. avium escapes from host immune response, and CD163 upregulation might be involved in M. avium infection causing disease manifestations, while the (+)exosomes induced CD195 expression could be related to enhanced host immune responses, especially T cell related responses. However, to fully understand the mechanisms as well as biological significance of the subtle difference between M. avium and (+)exosomes induced immune responses, further in-depth investigation is required.
It is noteworthy that although (+)exosomes could induce immune responses comparable to M. avium infection, they caused neither cell apoptosis nor necrosis. These characteristics make (+)exosomes strong candidate as vaccine. Albeit the exact mechanism that (+)exosomes do not induce apoptosis or necrosis is yet to be determined, some clues can be obtained in the results of our current study. In the cytokine quantification assay, we observed that only M. avium infection, but not (+)exosomes treatment, induced high levels of TGF-1 expression. TGF-1, a polypeptide member of the transforming growth factor beta superfamily, performs a variety of cellular functions, including control of cell growth, proliferation, differentiation, and apoptosis [33] . Dysregulation of TGF-activation and signaling may result in apoptosis [34] . Consequently, TGF-1-related singling pathway, although other pathways may also be involved, is likely to be responsible for M. avium induced cell apoptosis. Despite being beyond the scope of the current study, it is also interesting to determine which component(s) in M. avium can activate TGF-1 pathway.
In conclusion, (+)exosomes could induce inflammatory immune responses comparable to M. avium infection but do not cause cell apoptosis. This suggests that exosomes would make a good vehicle for vaccine delivery.
